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Abstract 
 This study explores in detail the meteorological factors that contributed to the 2011 April 
16 (Mid-April 2011) Tornado Outbreak by performing numerical simulations using the WRF 
model and performing analyses of observational and RUC-Reanalysis data. The synoptic pattern 
resembles Barnes and Newton’s (1986) diagram for a significant severe weather outbreak with 
the exception of a noticeable subtropical jet. Early in the day on April 16, the air mass was stable 
in central NC. However, the presence of an exceptionally strong low level jet in the warm sector, 
leading to extreme 0 to 1 km helicity values, strong 0 to 6 km layer shear, a negatively tilted 
trough, and a strong cold front favored a squall line initially. WRF-D3 (1-km) and RUC-
Reanalysis results verified with observations and were able to provide additional synoptic and 
mesoscale analysis that led to the severe weather outbreak that day. One of the main distinct 
features WRF-D3 depicted was that surface based CAPEs increased at least 500-1000 J/kg in 3 
hours across Eastern NC as the weather system approached east. Despite the WRF-D3 revealing 
that instability was higher than what the observations reflected, especially in Eastern NC, it still 
matched the observed evolution of the squall line on that day. The increased instability 
environment depicted by WRF-D3 led to the maintenance and intensification of the squall line 
where peak updraft speeds in simulated squall line was at 30 m/s.  
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CHAPTER 1 
Introduction 
On April 16, 2011, a major tornado outbreak occurred that produced the greatest one day 
tornado total of thirty confirmed tornadoes primarily in central and eastern North Carolina (NC). 
In fact, in NC, 24 fatalities occurred and more than 400 people were injured (Click et al. 2012 – 
denoted as C12 hereafter). At least, 304 of those injured were reported in central NC. According 
to the NC Department of Crime Control & Public Safety, over 900 homes and business were 
obliterated, while 6,400 homes were damaged across the state from the tornado outbreak. Total 
structural damage from this outbreak in the Raleigh (RAH), NC County Warning Area (CWA) 
was estimated at about 328 million US dollars. This tornado outbreak is often referred to as “the 
mid-April 2011 tornado outbreak.”  The societal impacts, such as fatalities, injuries and property 
damages, caused by this event were dramatic and there is a demand in improving the 
understanding of severe local storms and tornadoes.  
The weather system associated with the mid April 2011 tornado outbreak was well 
predicted many days in advance. The National Weather Service (NWS) at Raleigh, NC Forecast 
Office expressed dire warning that the threat of severe weather on the morning of Tuesday 12 
April 2011 in an Area Forecast Discussion (AFD) and Hazardous Weather Outlook (HWO).  
Confidence began to increase of tornado outbreak several days later as numerical models 
continue to indicate this potential.  By the afternoon on April 15, NWS Raleigh forecasters 
mentioned in their AFD, they had a high confidence of a dangerous tornado outbreak impending. 
Hours before the outbreak, the NWS Raleigh forecast office and Storm Prediction Center (SPC) 
issued statements and alerts to underscore the unique and dangerous weather that will occur with 
this particular synoptic weather pattern. In fact, the “Tornado Emergency” wording by the NWS 
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Raleigh in a tornado warning was used during this particular outbreak and one of the tornadoes 
came within 1.75 miles of the NWS Raleigh office (C12).  
The North Carolina RAH CWA saw four distinct tornadic supercells during the April 16 
tornado outbreak. Nine tornadoes occurred from these four tornadic supercells. From the nine 
tornadoes, the Enhanced Fujita (EF) damage ratings, which derived originally from Ted Fujita--
ranking tornadoes from F0 (weak)-F5 (violent), were 2 EF-3 (strong) tornadoes, 4 EF-2 (strong) 
tornadoes and 3 EF-1 (weak) tornadoes. Each tornadic supercell produced at least two tornadoes.  
A long tracked tornado was on the ground for more than 55 miles in both the Sanford-Raleigh 
and Fayetteville-Smithfield. The nine tornadoes in central NC had a tornado track length of a 
total of 196.4 miles. The tornadoes in central North Carolina touched down in the early afternoon 
(around 2:00 -5:00 pm local time) of April 16 were a bit earlier from the climatological peak of 
tornadoes which occurs in the late afternoon and early evening hours (5:00-7:00 pm), noted in 
the Severe Weather Climatology of the RAH CWA (Locklear 2008).    
A case study of this particular tornado outbreak has been conducted by the NWS in 
Raleigh and NC State University (C12). Strong forcing from upper-level trough, low-level 
convergence from a potent cold front, and modest instability provided sufficient energy for a 
squall line to develop. It has been proposed that the limited amount of convection that occurred 
ahead of the squall line and strong vertical shear allowed for individual cells to break apart. As a 
result, these cells took full advantage of the perilous environment leading to numerous tornadic 
supercells. However, the dynamics of various factors that made the squall line split are still not 
well understood. In this study, we plan to investigate the evolution and development of the squall 
line. The weather system that developed in the South, preceding April 16 tornado outbreak 
produced numerous tornadoes across the south and south-eastern US. Several days before the 
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April 16 tornado outbreak, numerical weather models of the NWS indicated that there was 
decent moisture return, strong synoptic forcing, low-level convergence, low-level jet and modest 
instability in central and eastern North Carolina on 16 April 2011, as it will be further discussed 
in Chapters 3 and 5. In addition, the low-level shear magnitudes were favorable, as is typical 
with a strengthening low-level jet (LLJ). All these factors were present during April 16, when the 
squall line was developing, however, the connection among them and their impacts on the 
mesoscale processes which led to the formation of squall line and the tornadic supercell are still 
not well understood. In this study, we are particularly interested in the formation and 
development of these mesoscale processes and their impacts on 2011 mid-April Tornado 
Outbreak.  Due to the lack of mesoscale data, we proposed to use the Weather Research and 
Forecasting (WRF; Skamarock et al. 2008) model to explore in greater detail of the following 
particular systems and processes: (1) the role of the overall synoptic system before and during 
the outbreak, (2) the thermodynamic environment that existed before and during this tornado 
outbreak, and (3) the evolution of the mesoscale environment as the squall line developed.  
 Numerical Weather Prediction (NWP) models were able to depict the unique storm 
prediction that occurred in some former tornado outbreaks (e.g., see Lin (2007) and Markowski 
and Richardson (2010) for brief reviews). The recent advancement in NWP and in computational 
methods and facilities allows for numerical simulations using high resolution models on the 
convective scale. One day in advance from this outbreak, the Raleigh Weather Forecast Models, 
the RAH WRF NMM4, and the RAH WRF ARW4 models predicted the storm mode evolution 
matching what occurred that day. As a result, confidence increased on the overall storm 
prediction of this event. This was proven by the SPC’s increase in the probability of severe 
weather from an enhanced risk of severe weather, such as 30% to a 45% hashed (significant 
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severe) in central and eastern NC risk of severe weather.  However, this type of NWP model 
predictions often adopt rather coarse resolutions, which were a compromise for making real-
time, operational weather prediction, but lack of details of the features and processes which are 
necessary for investigating storm-scale processes and motion.   
 The convective mode of these storms from a squall line to numerous discrete supercells is 
a rare occurrence in storm mode transition (C12). Typically, convective cells will grow upscale 
from individual cells or multicells into a line of convection or a squall line as the interaction of 
cold pools merge and interact. The cold pool merging and interacting allows for convective 
storms along the line to regenerate. This event also did not produce any discrete supercells ahead 
of the convective line as it propagated eastward. However, the main focus of this study will be 
the squall line alone, especially the mesoscale environment that lead to the longevity of the 
squall line before it broke apart. Our WRF simulations will demonstrate this and some additional 
plots with various meteorological variables will provide an explanation of how the squall line 
developed and was maintained until the squall broke apart.  
 The lack of literature and research exploring the unique nature of the storm mode of the 
2011 mid-April tornado outbreak in NC is the main motivation of this study.  In Chapter 2, we 
will make a review of tornado outbreak and previous research conducted on classical synoptic 
patterns associated with tornado outbreaks in North Carolina.  In Chapter 3, we will describe the 
detailed synopsis of the synoptic environment and the event leading to the tornadogenesis. In 
addition, comparison of various horizontal resolutions with the RUC-Reanalysis dataset will be 
performed to verify the numerical modeling results so that an accurate analysis can be improved. 
The WRF model and the experimental design will be described in Chapter 4. In Chapter 5, a 
higher resolution of the WRF model will be shown to display the mesoscale-to-storm scale 
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transition. Various meteorological variables will be presented to better understand the squall line 
formation and evolution. Summary and concluding remarks can be found in Chapter 6. 
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CHAPTER 2 
Literature Review 
Before exploring how a tornado outbreak is forecasted, it is fundamental to review the 
definition of a tornado outbreak and discuss previous research done on classical synoptic pattern 
associated with tornado outbreaks in North Carolina. A tornado outbreak can vary in meaning. 
Previously, an in-house-agreement according to the Severe Local Storm Forecast Unit (SELS) of 
the National Severe Storm Forecast Center (NSSFC) and the Military Weather Warning Center 
(MWWC) of the U.S. Air Force’s Air Weather Service (AWS) located in Kansas City, MO 
(1956-70) defined a tornado outbreak as the occurrence of five or more tornadoes during the life 
cycle of a given weather system (Galway 1977; hereafter referred to as G77). Pautz (1969) 
redefined a tornado outbreak by including categories: small (6-10 tornadoes), moderate (11-20 
tornadoes), and large (>20 tornadoes) (G77).   
Tornado outbreaks can vary in coverage area, too. The three general types are defined as 
local, progressive, and line (G77). A local outbreak is confined to a roughly circular envelope of 
~ 1.0 x 10
4
 nautical miles (n mi) with a duration rarely exceeding 7 h.  A progressive outbreak is 
an outbreak that progress (advances) from west to east with time. The distance between the first 
and last tornado report is usually greater than 350 n mi and averaged 394 nautical miles in length 
and lasting an average of 9 ½ hours. A line outbreak is associated with a limited eastward 
progression that forms on axis from north to south (G77). In this type, tornadoes usually are in 
widely separated locations along the line at the same time.  The coverage area is approximately 
~5.9 x10
4
 n mi and has duration of about 8 h.  The 2011 April 16 tornado outbreak was a large 
progressive tornado outbreak as the number of tornadoes increased from west to east with time 
and with duration over 9 ½ h between the first and last tornado report.     
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The overall synoptic ideal pattern with a typical North Carolina tornado outbreak has four 
main features: surface cyclone and associated frontal zones, a polar jet, the subtropical jet and 
the LLJ as shown in Figure 1 (after Barnes and Newton 1986). The crossing of these jets 
provides the strong veering with height, a necessary ingredient for a large tornado outbreak 
(Johns and Doswell 1992). The April 16 2011 tornado outbreak possessed all these features 
making it one of the classic tornado outbreaks in North Carolina. 
 
 
Figure 1: An idealized classic synoptic setting (after Barnes and Newton 1986) of a mid- 
latitude cyclone favoring a severe weather outbreak. Solid thin lines denote isobars, LJ 
represents the low level jet, PJ is the polar jet and SJ is the subtropical jet. I or Intersection 
represents the interaction of the polar and low level jet. The light shaded area shows the 
region of severe convection. 
 
Previous studies have explored severe convective modes and their associated type of 
severe weather. Beginning with work done by Browning (1964) who used radar observations and 
inferred airflow within supercells thunderstorms, later leading to description of organized bow 
echoes (Smith et al. 2012). The most recent studies done on convective mode was on examining 
quasi-linear convective systems (QLCS). Convective mode is essential to the likelihood and their 
associated type of severe weather convection (i.e. tornadoes, large hail and damaging wind 
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gusts).  The three main convective modes that will be described throughout this paper are linear, 
multi-cellular or isolated (pulse storms) (Fowle and Roebber 2003).   
 Numerical models, such as Global Forecasting System (GFS), European Centre for 
Medium Range Weather Forecast (ECMWF) model, and North American Model (NAM) etc. are 
used to simulate and analyze the overall synoptic, mesoscale environment in a specific region of 
the world. Some operational numerical models, such as the Rapid Update Cycle (RUC) and 
NAM, are set in the region of the United States primarily at higher resolutions versus the global 
models, such as the GFS and ECMWF. Given the demand of short-term forecasting, numerical 
models at higher resolution of few kilometers have to be run. Increase in computation power in 
recent decades has allowed for operational numerical models to be run in high horizontal 
resolutions (Sun et al. 2013; hereafter S13). In fact, a day before the April outbreak, a high-
resolution model which can resolve convections was necessary to understand and assess the risk 
of the type of severe weather expected to shorten the forecast lead time for warning to the public. 
The ability for models to be able to resolve convection without the use of cumulus 
parameterization schemes is described as “convection allowing models” (S13).  Several studies 
suggested that forecasts from convection permitting models produced more skillful guidance 
than those of coarser horizontal resolutions using convective parameterization (S13).  Weisman 
et al. (2008) demonstrated that convection allowing models often predict initiation, structure and 
evolution of mesoscale convective processes (S13).  
 Despite recent success of NWP models to predict convective mode and evolution, 
limitations of NWP models still exist.  The main issue is regarding model spin-up that exists 
when a NWP model is initialized from a coarser to higher resolution, in courtesy to poor initial 
condition inability to demonstrate the physical process of the convective scale. (S13). The typical 
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spin up time for convective allowing models is around 3-6 hours which can negatively affect the 
accuracy of storm location and timing (S13). Weisman et al. (2008) showed a subjective 
comparison from high-resolution model to the guidance demonstrated by the Eta model.  
Namely, the higher resolution models did not exemplify much improvement in the location and 
timing of convective system in comparison with the Eta model (S13).  A clear demonstration of 
the lack of some inaccuracies in convective mode were shown in some numerical models a day 
before the 2011 mid-April outbreak The RAH WRF NMM, and the RAH WRF ARW4 model 
both showed intense line of convection across central NC (C12). However, the difference was 
that the ARW had a more cellular convection, while the NMM had a linear convective mode 
(C12). 
 Improvement in convective-scale modeling is a necessary tool for short-term forecasting.  
The performance of NWP models can be quite sensitive to physical parameterizations, such as 
cumulus parameterization, microphysics parameterization, planetary boundary layer 
parameterization, and land surface parameterization, especially in the short range forecast. (S13) 
Although not shown in this paper for this particular case, WRF has various microphysics 
schemes which can produce different, for instance, reflectivity results especially in the beginning 
of the simulation. In some microphysics schemes, it can initially produce heavier precipitation 
than other schemes. As a consequence, it can affect the accuracy of the entire simulation. Hence, 
ongoing research needs to be done on the sensitivity of the process and their parameterization 
schemes in a high resolution rapid update cycle (S13).  
The linear mode, one of the convective modes mentioned above will thoroughly be 
examined in this paper. An example of this convective mode is the squall line. According to the 
glossary of meteorology from the American Meteorological Society, a squall line is defined as “a 
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line of active thunderstorms, either continuous or with breaks, including contiguous precipitation 
areas resulting from the existence of thunderstorms.” A squall line is usually formed when 
there’s a cold front, as a result, produces strong linear forcing for convective cells to merge.   
Early documentation of the study of the dynamics of squall lines has been examined by J. 
Loisel in 1909. He noted that “squall zone” starts out in the vicinity of pressure falls or low and 
can extend to its boundary thus having a length of 2,000 kilometers (1,243 miles), or even more 
at times that can alternate between 10 to 80 or 100 kilometers (6 to 62 miles) (L09; hereafter 
L09).  The squall line, while keeping its parallel orientation moves across the country along with 
the synoptic low-pressure system.  If the pressure falls and moves eastward the “squall zone” 
usually moves eastward, gradually sharpening the convexity of the isobars (lines of constant 
pressure) eastward (L09). If the low recedes westward, the “squall zone” moves westward along 
with it. (L09) However, if the low remains stationary, the “squall zone” does not necessarily 
remain stationary (L09). Predominately, in that particular case, the squall line swings around the 
center of depression (L09).  
One of the recent studies about squall lines focuses on the longevity of squall lines. 
Weisman and Rotunno (2003) tested different measures of system strength, and found that the 
squall line strength over a 6-h period is enhanced when there is moderate to strong shear in the 
low levels shown by Thorpe et al. (1982). In fact, squall line strength is enhanced when strong 
surface based shear is confined to the lowest 2.5-5 km above ground layer (AGL). (Weisman and 
Rotunno 2003; hereafter WR03) The strength of the cold pool and the environmental shear is 
another important factor on the system’s organization over the entire range of environments 
considered, regardless if it is optimal or not.   
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 Weisman’s and Rotunno theory of squall line strength and longevity does need some 
additional verification. Idealized simulations can be done to examine various environmental 
sensitivities to have a comprehensive understanding of what environments are conducive to the 
system strength and longevity. (WR03) The difficulty of verifying these results with 
observations is challenging as there are paucity of observations and the complexity of 
differentiating the impact of external and internal forcing mechanisms (e.g. a long lived squall 
line by continuing forcing from a cold front with sufficient Convective Available Potential 
Energy (CAPE), independent of vertical wind shear conditions). (WR03) Vigilance must be 
noted between the identification of environments that are optimum for squall line maintenance 
and environments that are associated with the strongest most lived systems. For example, 
climatologically, environmental shear is not only restricted to the lower levels; therefore it is 
onerous task to decipher the importance of the low-level versus the deep layer shear from 
observations. (WR03) Direct comparisons between numerical simulations and observations are 
challenging due to the uncertainties of model physics such as boundary layer processes, 
microphysics, etc. (WR03)  However, where there are observations of squall line structure,  cold 
pool strength, vertical wind shear etc…readily available, WR03 were able to verify the basic 
shear relationship. A thorough review of this subject can also be found in Lin (2007).  For our 
particular case study, we will hopefully be able to verify their results from the WRF simulation. 
Caution must be expressed that the simulation presented in this study is not perfect, however as it 
will be presented in the Chapter 5, the WRF simulation resembles observations reasonably well. 
As a result, the simulation is sufficient to do meteorological analysis of this event.  
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CHAPTER 3 
Synoptic and Mesoscale Environments for Mid-April Tornado Outbreak 
3.1. Synoptic Environment 
 In the afternoon of April 15, as 300 mb wind maximum increased to 115 kt over Eastern 
TX amplified in Fig. 2a.  The lower MS valley was in the left exit region of the jet streak. Mid-
level wind speeds, specifically over LA, MS, TN, ranged from 75 to 85 kt. MS, TN, AL were 
under the divergent region of the mid-level trough (Fig. 2b). A cut-off upper-level low was over 
the Central Plains with the maintained negatively tilted trough. A negatively (westward) tilted 
trough favors appreciable upper-level lifting (Oliver and Oliver 1953). The ridge axis began to 
shift east over the Mid Atlantic as the mid-level trough moved east.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Observed (a) 300 mb, (b) 500 mb, (c) 850 mb, and (d) surface analysis at 
4/16/00Z. 
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As noticed in Figure 3, or the GSO observed sounding, the mid levels were still dry while high 
moisture content was present in the 800 mb level.  Further down the atmosphere, a 40-45 knot 
LLJ shifted in the upper and lower OH Valley (Fig. 2c). The LLJ occurred in the warm sector 
(Fig.2d) of the mid latitude cyclone. Despite the occlusion of the upper-level low, the 
environment was still favorable for severe weather outbreak that day where a total of at least 135 
tornadoes occurred that day.  
 
Figure 3: GSO Sounding Observation 00Z April 16. 
Several hours before the April 16 outbreak, the synoptic pattern became more favorable for a 
tornado outbreak for that day. The upper-level jet predominantly maintained its negative tilt over 
the Southeast US with a slight weakening in the wind speed max from 12 h ago (Fig. 4a). At this 
time, the upper Ohio Valley and the Mid Atlantic region were under the favorable region of 
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upper-level divergence. Even in the mid levels, the Mid Atlantic and upper OH Valley was under 
the area of mid-level diffluence shown in Fig. 4b. A mid-level jet with a maximum speed 80-90 
kt was present over MS and AL aiding to fuel the intensity of the upper-level divergence.  The 
850-mb LLJ had a magnitude of 50-60 kt from over PA down to as far south as SC (Fig 4c). The 
axis of strong southerly low-level winds that transported warm moist air from the Gulf of 
Mexico occurred over the warm sector of the low pressure system. There were 2 tornado watches 
alarmed from southwest NC to the FL panhandle. Convection was initiating along the cold front 
as it moved east (Figure 4d).  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Observed (a) 300 mb (b) 500 mb (c) 850 mb (d) Surface analysis at 4/16/12Z. 
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A special GSO sounding (see Fig. 5) was released about an hour before the tornado 
outbreak began. The sounding showed strong vertical wind shear and some directional shear as 
indicated by the hodograph. There was a deep elevated mixed layer (EML) from 750 to 550 mb. 
Dry air in the mid levels, although exaggerated in the observed sounding due to potentially 
strong winds aloft was above the warm and moist air in the lower levels, signified potential 
instability. Surface-based Convective Available Potential Energy (SBCAPE) was around 700 J 
kg
-1
 and Mixed Layer CAPE (MLCAPE) was around 750 J kg
-1
 with minimal surface (SBCIN) 
and mixed layer (MLCIN). Low-level helicity was exceptionally strong with the 0-1 km storm 
relative helicity (SRH) above 600 m
2
 s
-2
 and very low lifting mixed condensation level (MLCLs) 
at 566 m. In fact, the magnitude was significantly higher than the median 0-1 km shear, as noted 
by Edwards and Thompson (2000) results, needed for significant tornadoes (Craven and Brooks 
2004).  
 
 
Figure 5: GSO Observed Sounding at 16Z April 16. 
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Approximately 75% of the violent tornadoes cases of Craven and Brooks (2004) were associated 
with lower LCL (cloud bases). The lower cloud base also indicated less sub-cloud evaporative 
cooling making it less likely for a mesocyclone to be undercut by the cold outflow. The 
combination of this particular sounding and the overall synoptic environment as mentioned 
above warranted a Particularly Dangerous Situation (PDS) Tornado Watch in Central and 
Eastern NC, as this energetic weather system propagated east (Fig. 6). 
In the evening, after the major tornado outbreak was underway, NC was in base of the 
upper level jet keeping its negative tilt as it moved northeastward (Fig. 7a). The axis of the mid-
level trough also had a negative tilt with the maximum wind speed, 80 kt in VA (Fig. 7b).  
 
 
Figure 6:  A Particularly Dangerous Situation (PDS) Tornado Watch issued for Central, 
Eastern NC and SC at 12:05 PM EDT on April 16 2011. 
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The 500-mb dewpoints were quite low, from -32
o
 C over western NC to -16
o
 C over eastern NC, 
indicating drier air in the mid levels as the mid-level trough axis shifted northeastward (Figure 
7b). The center of the 850 mb low was around the northern Great Lakes, with winds at 40 knots 
over western NC and 60 knots over the Outer Banks of NC (Figure 7c).  The LLJ over the Outer 
Banks of NC bisected the warm sector. Dewpoints at this level was around -2
o
C in Western NC 
to 9
o
C in eastern NC. A 987 mb low over Upper Great Lakes had an attendant cold front from 
central NC down to central FL (Fig. 7d). The warm front stretched from VA with a surface 
trough out ahead of the severe storms.  As observed in Charleston, SC at April 17 00Z, surface 
dew-points were around 15
o
C. The warm and moist air it was advecting from the Gulf provided 
further fuel from the potent synoptic pattern. 
  
 
 
 
 
 
 
 
 Figure 7: Observed (a) 300 mb (b) 500 mb (c) 850 mb (d) Surface analysis at 4/17/00Z. 
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Decreasing mid-level moisture and low-level moisture from Fig. 8 further signaled a building 
ridge in Greensboro, NC sounding.  
 
Figure 8: Greensboro, NC Observed sounding at 00Z April 17. 
 
3.2 Mesoscale Environment 
 Analysis of the synoptic and mesoscale process of the tornado outbreak can be executed 
using Rapid Update Cycle (RUC) Reanalysis data. However, some of the meteorological 
variables (e.g., vertical velocity, relative vorticity) that will be discussed cannot be made from 
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upper-air and surface observations. Instead, those meteorological variables will be compared to 
the WRF model at a higher resolution. The horizontal resolution of the RUC Reanalysis chosen 
for this particular study was 13 km (Fig. 9). The highest horizontal resolution was chosen since 
the case study focuses on the mesoscale processes of severe storms.  
 
Figure 9: The domain of 13 km-resolution Rapid Update Cycle (RUC). 
RUC-Reanalysis matched the observations fairly well. The 300 mb upper air observation 
map on April 16 00Z depicted the 100 kt jet in LA with higher winds to the west, placing the 
lower MS and TN valleys in the left exit region of the 100 knot jet streak (Figure 10a).  
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Figure 10:  The 300 mb RUC-Reanalysis for (a) 4/16/00Z, (b) 4/16/12Z and (c) 4/17/00Z.  
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Figure 11:  The 500 mb RUC-Reanalysis for (a) 4/16/00Z, (b) 4/16/12Z and (c) 4/17/00Z.  
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RUC-Reanalysis still had the center of the 850 mb low was in the same region as the 850 mb 
observations from 04/16/00Z to 04/17/00Z (Fig.12) .  Despite the RUC reanalysis surface 
analysis being about 5 mb weaker than what was observed, the general position of the cold front, 
as indicated by the change in northwesterly winds from southerly  
 
Figure 12: The 850 mb RUC-Reanalysis for (a) 4/16/00Z, (b) 4/16/12Z and (c) 4/17/00Z.  
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and the relative humidity (RH) gradient, shown in Figure 13 matched closely with surface 
observation chart.  The overall weather system went through cyclogenesis from April 14- 16 
2011 outbreak. Cyclogenesis was favored with negatively tilted troughs (Atallah and Bosart 
2002).   
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: RUC-Reanalysis surface (a) 00Z April 16, (b) 12Z April 16, and (c) 00Z April 
17.  
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GSO simulated soundings, shown in Figure 14, again matching the observed soundings also 
predominately showed the same features, dry mid- and low-levels and gradual saturation of the 
mid- and lower-levels as the weather system approached before drier mid and lower levels 
commenced as the associated weather system exited NC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: RUC-Reanalysis GSO Sounding (a) 00Z April 16, (b) 12Z April 16, and (c) 00Z 
April 17.  
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3.2.1 Additional Meteorological Fields. On April 16 00Z, several hours before the April 
16 tornado outbreak, high mid-level moisture can be seen along the warm sector and around the 
periphery of the upper level low (Fig. 15a). Figure 15b indicated mid level vorticity max behind 
and ahead of the trough axis around AR, LA, and MS.  Missouri and Nebraska, where the center 
of the low was, had 2 main vorticity maximum regions. The Ohio Valley had a wide area of mid 
level vertical velocities amidst in the area of warm sector (Fig. 15c).  Low-level moisture at 850 
mb was quite abundant around the center of the low and the Gulf Coast States (Fig 15d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: RUC-Reanalysis (a) 500 mb Relative Humidity (%) (b) 500 mb Relative 
Vorticity (10
-4 
s
-1
) (c) 500 mb Vertical Velocity (cm s
-1
) (d) 850 mb Relative Humidity (%) at 
16 April 00Z. 
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Figure 16a shows a linear band of low level vorticity along the cold front. Another area of low 
level vorticity can be seen in the vicinity of the 850 mb low. Vertical velocities at 850 mb can be 
seen along the cold front with values as high as 45 cm s
-1
 in MS and western TN as depicted in 
Fig. 16b. Relatively lower vertical velocities can be seen in the warm sector in the Mid Atlantic 
and around the center of the low.  Weak instability was present in the Gulf Coast states, seen in 
Figs. 17a and 17c, despite minimal CIN (Figs. 17b and 17d) in that same region. Higher 
instability remained confined in the Gulf of Mexico. 
 
         
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: RUC-Reanalysis 850 mb (a) Relative Vorticity (10
-4
 s
-1
) (b) Vertical Velocity (cm 
s
-1
) at 16 April 00Z. 
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Figure 17: RUC-Reanalysis (a) 0-255 mb CAPE (J/kg) (b) 0-255 mb CIN (J/kg) (c) 
SBCAPE (J/kg) (d) SBCIN (J/kg) at 16 April 00Z. 
Composite reflectivity in Fig. 18a indicated precipitation in the Upper Midwest and the Upper 
and Lower OH Valleys. The warm sector had mostly 0-1 km helicity (low level helicity) values 
of 300 m
2
 s
-2
 and above (Fig. 18b).  Dramatic low-level helicity values can easily be seen in MS 
to 550 m
2
 s
-2
 or higher indicating exceptionally strong low level shear at that time. The 0-6 km 
shear still favored supercells in the warm sector but the direction of the bulk shear vector shifted 
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southwesterly from westerly 12 h ago indicating that the bulk shear vector is parallel to the 
outflow boundary as indicated Fig. 18c.  
 
 
Figure 18: RUC-Reanalysis (a) composite reflectivity (dBZ), (b) 0-1 km helicity (m
2
 s
-2
), 
and (c) 0-6 km bulk shear (kt) at 16 April 00Z. 
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In this particular case, Bluestein and Weisman (2000) stated that an isolated, cyclonically 
rotating, right moving supercell forms on the downshear side of the line of forcing. The left 
moving storm though persists on the downshear end of the line, albeit multi-cellular in character. 
Numerical supercell simulations preformed by Bluestein and Weisman (2000) indicated that 
when the deep layer shear is normal to the line of forcing, isolated, cyclonically 
(anticyclonically) rotating, right-moving (left-moving) supercells developed at the end of the 
squall line to the right (left) of the deep-layer shear. In addition, they found squall develops as 
the neighboring right- and left-moving cells collide. Some of the cells embedded in the squall 
line have supercell characteristics; however, the updrafts at mid levels are displaced from the 
vertical vorticity. 
Around April 16 14Z, few hours before the tornado outbreak, some soundings in central 
NC and eastern NC indicated an environment ripe for tornadic supercells. In the Fayetteville, NC 
sounding (Fig. 19a) at 14Z, 2 h before a tornadic supercell moved through that area, indicated a 
fairly moist air column. Instability was low at both in the most unstable layer and lowest layer.  
 
 
 
 
 
 
 
 
Figure 19: RUC-Reanalysis for Fayetteville, NC soundings at: (a) 4/16/14Z, and (b) 
4/16/16Z. 
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Speed shear was present as indicated by the large long looped hodographs. In particular, storm 
relative effective helicity was about 500 m
2
 s
-2
. Some directional shear also can be seen, 
especially in the lower atmosphere. Two hours later there was slight drying in the atmosphere 
with increasing instability lower and moist unstable layers of the atmosphere (Fig. 19b). Storm 
effective relative helicity was about 440 J kg
-1
which is fairly strong and still sufficient for 
tornadic supercells. Similar profiles and conclusions can be made from the Raleigh, NC 
soundings as well (Fig. 20). 
 
 
 
 
 
 
 
 
 
 
Figure 20: RUC-Reanalysis for Raleigh, NC soundings at: (a) 4/16/15Z, and (b) 4/16/17Z.  
Further analysis can be done to indicate the environment during the tornado outbreak.  Eastern 
NC and VA, and the northeast mid level moisture were saturated (Fig. 21a). A 500 mb vorticity 
lobe can be seen stretched from the Upper Midwest to parts of the Southeast US in association  
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with the mid-level trough (Fig. 21b). A line of 50 cm s
-1
 or higher clearly can be seen in eastern 
NC and MD in the diffluent zone of the mid-level trough (Fig. 21c). Higher moisture content was 
stretching down to the Southeast US (Fig. 21d).  The strongest 850 mb vorticity also occurred in 
the diffluent region of the 850 mb level trough (Fig. 22a). Figure 22b depicted a line of 55 cm s
-1
 
at the base of the 850 mb trough in eastern NC. A weaker area of vertical velocities on 850 mb 
was in eastern PA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21: RUC-Reanalysis (a) 500 mb Relative Humidity (%) (b) 500 mb Relative 
Vorticity (10
-4
 s
-1
) (c) 500 mb Vertical Velocity (cm s
-1
) (d) 850 mb Relative Humidity (%) 
at 16 April 21Z. 
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Figure 22: RUC-Reanalysis 850 mb (a) relative vorticity (10
-4
 s
-1
) (b) vertical velocity (cm 
s
1
) at 16 April 21Z. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: RUC-Reanalysis (a) 0-255 mb CAPE (J/kg) (b) 0-255 mb CIN (J/kg) (c) 
SBCAPE (J/kg) (d) SBCIN (J/kg) at 16 April 21Z. 
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CAPEs at the surface and 0-255 mb AGL indicates moderate instability in southeast GA and FL 
(Figs. 23a and 23c) and minimal CIN (Figs. 23b and 23d). Weaker instability was located in VA 
and parts of MD. Composite reflectivity indicated a swath of precipitation with the associated 
weather system can be seen from the Upper Ohio Valley down to as far south as the Southeast 
(Fig. 24a).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: RUC-Reanalysis (a) Composite Reflectivity, (b) 0-1 km shear (m
2
 s
-2
), and (c) 0-6 
km bulk shear (kts) at 16 April 21Z. 
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CHAPTER 4 
Description of the WRF Model and Experimental Design 
Given how coarse the resolution of RUC Reanalysis (13 km) is and its inability to resolve 
individual convective cells, it was necessary to run the Weather Research and Forecasting 
(WRF) model with a higher resolution. The WRF model will provide insight on the squall line 
development and longevity. Some analyses are conducted during the time the squall line 
fractured. 
4.1 Description of the WRF Model 
 The WRF model is a numerical weather prediction (NWP) and atmospheric simulation 
system intended for both research and operational applications (Shamrock et al., 2008; thereafter 
S08). It was developed to create a next-generation mesoscale forecast model and data 
assimilation to better understand and predict mesoscale weather and incorporate into operational 
forecasting. WRF can be applied to scales ranging from large-eddy to global simulations. In 
addition, it can be used to incorporate data assimilation development and studies, physics 
parameterization, regional climate simulation, air quality modeling, and atmosphere-ocean 
coupled and idealized simulations.     
The Euler equations are cast have conservation properties (Ooyama 1990). For this 
particular study, the Range-Kutta third-order time scheme was and horizontal Smagorinsky first 
order closure were selected. Vertical velocity damping and implicit gravity wave damping layer 
was applied. Furthermore, a 6
th
 order numerical diffusion but prohibits up-gradient diffusion was 
chosen. A positive-definite advection option was used for moisture and scalar variables.  
 A detailed description of the WRF physics options (S08) and those applied in the WRF 
simulation is as follows:  
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 Microphysics: Schemes range from simplified physics suitable for idealized studies to 
sophisticated mixed-phase physics suitable for process studies and NWP.  
o WRF Single Moment (WSM) 6-class scheme: A new scheme with ice, snow and 
graupel processes suitable for high-resolution simulations (Hong et al., 2004; 
Dudhia et al., 2008; Both of them were based on the Lin-Farley-Orville (LFO) 
scheme as documented in Lin et al. (1983)  
 Longwave Radiation:  Longwave and shortwave schemes with multiple spectral bands 
and a simple shortwave scheme are designed for climate and weather applications. Cloud 
effects and surface fluxes are included.  
o  Rapid Radiative Transfer Model (RRTM): An accurate scheme using look-up 
tables for efficiency. Accounts for multiple bands, trace gases, and microphysics 
species (Mlawer et al., 1997) 
 Shortwave Radiation 
o Dudhia scheme: Simple downward integration allowing efficiently for clouds and 
clear-sky absorption and scattering (Dudhia 1989; Lacis and Hansen 1974; 
Stephens 1978) 
 Planetary Boundary Layer (PBL):  PBL parameterizations are designed to 
parameterize turbulent kinetic energy prediction or non-local vertical mixing in PBL. 
o  Mellor-Yamada-Janjic scheme: Eta operational scheme. One-dimensional 
prognostic turbulent kinetic energy scheme with local vertical mixing (Janjic, 
1990, 1996, 2002; Mellor and Yamada, 1982)  
 Cumulus Parameterization:  Cumulus parameterizations are designed to parameterize 
adjustment and mass-flux associated with cumulus clouds for mesoscale modeling. 
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o  Grell-Devenyi ensemble scheme: Multi-closure, multi-parameter, ensemble 
method with typically 144 sub-grid members (Grell and Devenyi 2002) 
Updates of the WRF model are done to assist in improving numerical simulations. With 
an increase computer performance, researchers can perform continuous tests with the WRF 
model and utilize it in operational forecasting. 
4.2 Experimental Design 
  Two WRF simulations were performed to examine the squall line as it developed and 
intensified until it fractured. However, given the sensitivity of the WRF model to microphysics, 
PBL, and cumulus parameterization schemes, and time step intervals, etc…, it can affect the 
simulation result especially in quantitative precipitation forecasts. Also, given that the sensitivity 
to microphysics, one out of the two WRF simulations for the nested domains has been discarded.  
Therefore, only one will be used for our case study.   
  The verification of simulation results with the RUC-Reanalysis data and radar 
observations will be discussed in Chapter 5.  Note that the RUC-Reanalysis was used to initialize 
the WRF model. Generally speaking, mesoscale NWP models require 6-12 h to fully spin up, 
although it depends on the grid distance and time steps. The time that was selected to initialize 
the WRF model was the 06Z RUC-Reanalysis model.  To ensure the best accuracy, WRF was 
initialized with RUC-Reanalysis 6 h before the squall line began to develop.  
 In order to better understand the squall line development as it propagates through central 
NC, a nested WRF simulation was performed. The NC case study simulation consisted of 3 
domains: 1) a large parent domain of 9 km grid resolution, 2) an intermediate domain of 3 km 
grid resolution nested inside the parent domain, and 3) a small domain of 1 km grid resolution 
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nested inside the intermediate domain. Table 1 provides the details used for the main WRF 
simulation.  
Table 1: NC Case Study Specification 
Experiment Description  Horizontal 
Resolution 
Domain 
CNTL Control experiment 
 ARW 3.1 
 Grell-Devenyi Ensemble 
Scheme cumulus 
parameterization  scheme  
WSM 6-class cloud 
microphysics 
 RRTM (longwave) and Dudhia 
(shortwave) radiation  
 Mellor-Yamada-Janjic scheme 
PBL parameterization 
 Surface Layer Physics: Eta 
Similarity 
 Land Surface  Physics: 5-Layer 
Thermal Diffusion  
9  km Central and Eastern 
US 
MESO Nested domain 
 Same as Control Experiment 
except cumulus parameterization 
is shut off 
1 km  VA, NC 
 
 The 9-km, large-scale domain for the period of 04/16/06Z and 04/17/00Z covered much 
of central and eastern US and consisted of 180 grid points in both the east-west and the north-
south directions. The 3 km mesoscale-nested domain consisted of 400 grid points in both and the 
east-west and north-south directions covering the eastern US for the period of 04/16/06Z and 
04/17/00Z.  
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Figure 25: Nested domain setup for NC case study.  
The third fine-resolution domain of 1 km spatial interval was centered in western NC for 
04/16/06Z to 04/17/00Z.  It had 850x850 grid points horizontally. Each domain used the same 
microphysics but the cumulus parameterization was deactivated in both the 3 km and 1 km 
nested domains.   
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CHAPTER 5 
Numerical Modeling Results 
 In this chapter, the WRF results will be presented to provide a detailed analysis of the 
synoptic and mesoscale environment a couple of hours before, during and after the tornado 
outbreak occurred.  In section 5.1, the WRF results simulated by the 1-km resolution (WRF-D3) 
will be verified by the National Weather Service (NWS) observations and the RUC-Reanalysis 
13-km data.  The area of focus is North Carolina (NC).  In section 5.2, the evolution of 
mesoscale environment of the tornado outbreak focusing in NC will be described elaborately 
using the results of the inner domain with 1-km resolution.  In section 5.3, the WRF-D3 
simulation results will be used to explore the squall line dynamics and from its development until 
it broke apart in NC.  Finally, the dynamics of squall line fracturing will be discussed in section 
5.4. 
5.1 Verification of WRF-D3 Results 
 In general, the WRF-D3 simulation matched reasonably well with the upper air 
observations around the tornadogenesis period around 4/16/12Z.  As shown in Fig. 26a, the 
WRF-D3 simulated winds speeds on 300 mb reached between 50-80 knots in western and central 
NC.  The NWS observation showed that the wind at the 300 mb above Greensboro (GSO) was 
65 knots (Fig. 26b).  A diffluent jet can also be seen at this level, as mentioned in previous 
sections.  At 500 mb, the WRF-D3 simulated winds reached around 65-80 knots in western and 
central NC (Fig. 27a), which is consistent with the 65 knots wind observed over GSO (Fig. 27b). 
Figure 27c shows the mid-level moisture in western NC and much of eastern NC was high, as 
indicated in scattered spots, and a dry area especially in south-central NC. Saturated mid-levels  
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Figure 26: (a) WRF-D3 simulated and (b) observed 300 mb winds (kts) and geopotential 
height (m) at 4/16/12Z 2011. Circle indicates GSO observation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27: (a) WRF-D3 and (b) observed 500 mb winds (kts) and geopotential height (m). 
Circle indicates the GSO observation.  (c) WRF-D3 and (d) RUC-Reanalysis 500 mb 
relative humidity (%) and geopotential height (m) at 4/16/12Z 2011. 
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were also seen in central and eastern North Carolina, however, a drier area was present in 
western NC according to the RUC-Reanalysis (Fig. 27d).  
The WRF-D3 simulated result shows that the mid-level vorticity was higher in some 
parts of western and eastern North Carolina (greater than 16x10
-4
 s
-1
) (Fig. 28a), while the RUC-
Reanalysis (Fig. 28b), on the other hand, had the strong mid-level vorticity in TN approaching 
western NC.  Note that detailed structure of vorticity stripes was revealed with the finer-
resolution WRF-D3 simulation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28:  WRF-D3 500 mb (a) relative vorticity (10
-4
 s
-1
) and (b) vertical velocity (cm s
-1
) 
with geopotential height (m) at 4/16/12Z 2011; (c) and (d) are the same as (a) and (b), 
respectively, but for the RUC-Reanalysis.  
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Mid-level vertical velocities had localized areas of 60 cm s
-1
 or greater in western and central NC 
(Fig. 28c) and weaker vertical velocities were revealed in eastern NC. RUC-Reanalysis (Fig. 
28d) had mid-level vertical velocities around 10-15 cm s
-1
, weaker than those predicted by WRF-
D3 simulation. In general, the WRF-D3 simulated results are consistent with the RUC-
Reanalysis, but with stronger and more detailed structures of vorticity and vertical velocity 
revealed. At 700 mb, the relative humidity (RH) was moist in western and central NC (Fig. 29a). 
Central NC had greater than 70% RH, as can also be seen in RUC-Reanalysis (Fig. 29c). 
 Figure 29b depicted higher low-level moisture at 850 mb in central and eastern NC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29: The RH (%) and geopotential height (m) at 4/16/12Z for: (a) WRF-D3 700 mb,  
(b) WRF-D3 850 mb, (c) RUC-Reanalysis 700 mb, and (d) RUC-Reanalysis 850 mb. 
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An area of drier air < 60% RH was present in parts of western NC and eastern NC. RUC-
Reanalysis (Fig. 29d) also show the tongue of <60% RH at 850 mb but was further south. 
Otherwise, in general the air was saturated at 850 mb in much of NC.  Note that the eastern flank 
of the moist zone was oriented from southwest to northeast on 700 mb, while it was 
approximately from south to north on 850 mb, mainly controlled by the mean wind.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30: WRF-D3 simulated (a) winds (kts), and (b) relative vorticity (10
-4
 s
-1
) on 850 mb 
at 4/16/12Z 2011; (c) observed 850 mb winds (kts) and (d) RUC-Reanalysis 850 mb relative 
vorticity (10
-4
 s
-1
) at 4/16/12Z 2011. Geopotential height (m) fields are superimposed in all 
panels.  The circle in (c) indicates GSO station.  
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The WRF-D3 simulated 850 mb wind speeds were at around 60-70 knots (Fig. 30a) indicating a 
strong LLJ in western and central NC, which is comparable to the observed 850 mb wind of 65 
knots at GSO (Fig. 30c). As seen in Figure 30b, there were pockets of strong 850 relative 
vorticity in western and central NC. In the RUC-Reanalysis, western NC had modest relative 
vorticity but was progressively weaker farther east shown (Fig. 30d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31: (a) WRF-D3 simulated surface level pressure (mb), RH (%) and wind speed  
(kts), and (b) NWS observational surface analysis of wind speed (kts) and 
temperature/dewpoint temperature (F) at 4/16/12Z 2011; (c) WRF-D3 and (d) observed 
GSO sounding at 4/16/12Z 2011.  
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The WRF-D3 simulation shows surface southeasterly winds between 5-25 knots with sea level 
pressure (SLP) at around 1008 mb with greater than 90% relative humidity (rh) in central NC 
(Fig. 31a).  The simulated fields are consistent with the NWS surface observations at GSO (Fig. 
31b), which had southeast 20 knots winds in with a sea level pressure (SLP) at 1009.4 mb and a 
temperature of 59
o
F and a 55
o
F dew point. The WRF-D3 simulated GSO sounding (Fig. 31c) 
depicted saturated low levels which were similar to what was observed at 4/16/12Z (Fig. 31d).  
However, the difference is that GSO simulated sounding at mid-levels was slightly drier than 
what was observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32:  (a) WRF-D3 simulated and (b) KFCX radar observed reflectivity (dBZ) at 
4/16/15Z and 1457Z, respectively. 
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5.2 Evolution of the Mesoscale Environment  
 The WRF-D3 simulated result at 4/16/15Z indicates a weak squall line was developing 
across western NC with scattered areas of 35-52 dBZ occurring in eastern NC (Fig. 32a).  The 
KFCX radar depicted a line of intense showers and thunderstorms in far NW North Carolina 
(Fig. 32b) especially in Alleghany County, NC. Weaker radar reflectivities can be seen in 
Alexander and Caldwell County, NC.  Even lighter precipitation can be seen in Chantham, Lee, 
Montgomery, Franklin, and Granville counties. Even though WRF-D3 simulation indicated 
precipitation in some of these areas, the model is producing stronger reflectivity values than what 
is being reflected.  The simulated squall line along 81.5
o
W was in a region of low SBCAPEs and 
SBCIN (Fig. 33).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33:  WRF-D3 Surface Based CAPE (J/kg) and CIN (J/kg) at 4/16/15Z.  
 
SBCAPEs of at least 250 J/KG were depicted by the RUC-Reanalysis (not shown) along the 
region of the WRF-D3 simulated squall line. The SBCIN was a bit higher with the RUC-
Reanalysis but still indicated little capping at the surface. In the vicinity of the simulated squall 
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line, modest low-level (0-1 km) helicity (between 150-200 m
2
/s
2
) was present with southwesterly 
surface to 6 km mean wind speeds ranging from 40-55 knots (Fig 34a). The gradient, although 
not as pronounced, can be seen with the RUC-Reanalysis in northwestern NC with similar 0-6 
km wind direction and magnitude.  Southwesterly 55-65 knots of 0-6 km shear winds were in the 
vicinity of the simulated squall line (Fig. 34b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34: WRF-D3 simulated (a) 0-1 km helicity (m
2
/s
2
) and 0-6 km mean wind (kts) and 
(b) 0-6 km shear (kts) at 4/16/15Z.  
 
A wider area of 0-6 km shear winds of at least 60 knots southwesterly winds were depicted with 
the RUC-Reanalysis (not shown). 
Two hours before the observed April 16 tornado outbreak began, around 18Z, the WRF-
D3 simulated result at 18Z depicted broken line segments in north-central NC (Fig. 35a).  
Scatted strong convection in south central NC was also in the simulation. KFCX radar at 1758Z 
indicated an intense line of thunderstorms in Guilford, Rockingham, 
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 and Randolph counties (Fig. 35b). Despite the huge difference from WRF-D3 simulation, it still 
shows an intense squall line as it approached Guilford County, the same evolution of the storms 
observed, as it will be shown in the next section. The simulated WRF-D3 Surface Based CAPEs 
in eastern NC were at around 2000 J/kg (Fig. 36).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35: (a) WRF-D3 simulated and (b) KFCX radar observed reflectivity (dBZ) at 
4/16/18Z and 1758Z, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36:  WRF-D3 simulated Surface Based CAPE (J/kg) and CIN (J/kg) at 4/16/18Z 
2011.  
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Convective inhibition was weak to non-existent in the WRF-D3 simulation (Fig. 36).  The 0-1 
km helicity values near the line of simulated storms were around 250 m
2
/s
2 
(Fig. 37a). In 
addition, 50 knot southwesterly 0-6 km mean wind was still present in Eastern NC as depicted by 
the WRF-D3 result (Fig. 37a).  The 0-6 km bulk shear indicated by the WRF-D3 simulated result 
was around 70 knots near the vicinity of the line segment (Fig. 37b). The direction of the 0-6 km 
bulk shear was westerly near the line of simulated storm and southwesterly further away from 
the line of simulated storms.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 37:  WRF-D3 simulated (a) 0-1 km helicity (m
2
 s
-2
) and 0-6 km mean wind (kts) and 
(b) 0-6 km shear (kts)at 4/16/18Z.  
 Broken areas of convection were depicted by the WRF-D3 simulated reflectivity (Fig. 
38a) along 79
o
W at 4/16/21Z.  Three to four supercell-like storms in Wilson, Halifax, and 
Sampson counties can be seen in the KRAX radar image at this time (Fig. 38b). Even though the 
WRF-1 KM simulation indicated some supercell-like structure throughout this simulation, there 
is no definitive proof that they are supercells.  
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Figure 38: (a) WRF-D3 simulated and (b) KFCX radar observed reflectivity (dBZ) at 
4/16/21Z and 2103Z, respectively. 
 
Surface based CAPE at 4/16/21Z simulated by the WRF-D3 was between 1500 and 2000 J/kg in 
eastern NC and no CIN (Fig. 39).  RUC-Reanalysis had lower SBCAPEs, on the order of 500-
1000 J/kg but with CIN around 25-50 J/kg (not shown). Similar to other flow parameters, the 
WRF-D3 was able to predict stronger storms and more-detailed structure of them. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39: WRF-D3 simulated Surface Based CAPE (J/kg) and CIN (J/kg) at 4/16/21Z 
2011.  
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The WRF-D3 simulated 0-1 km helicity in the area of convection was around 150 m
2
/s
2
 (Fig. 
40a). Also, the 0-6 km mean wind speeds in that area was at 50-65 knots retaining the 
southwesterly direction (Fig 40a). The 0-6 km shear simulated by the WRF-1 KM had areas of 
30-40 knots along the area of the simulated convection (Figure 40b).  
 
 
 
 
 
 
 
 
 
Figure 40: WRF-D3 simulated (a) 0-1 km helicity (m
2
 s
-2
) and 0-6 km mean wind speed 
(kts), and (b) 0-6 km shear (kts) at 4/16/21Z.  
Predominately, the 0-6 km shear vector remained southwesterly with the exception of the area 
near the area of convection, where the wind direction was westerly.  
5.3 Dynamics of the Squall Line Evolution in North Carolina 
 WRF-D3 simulation can provide us an opportunity to better understand the dynamics of 
the simulated squall line.  A zonal (west-east) average by grid interval was taken for our 
particular study to account for non-linear grid spacing (Doty 1995).  A vertical cross section has 
been conducted to help describe some of the dynamics of the squall line until the point it broke 
apart in our simulation.  For reference, a cross section line will be drawn to show where the 
analyses have been performed.   
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The WRF-D3 simulated radar reflectivity field shows a squall line started to form in the 
area of (34.3-35.2
o
N, 82-81.5
o
W) (Fig. 41a).  A zonal vertical cross section along at 35.1
o
N from 
1000 to 100 mb at 13:40 UTC April 16 is shown in Fig. 41b.  An area of moderate reflectivity 
associated with a shallow convective cloud from 1000 to 850 mb was at around 81.6
o
W with an 
updraft speed of 3 m s
-1
.  The cold pool was formed right below the shallow convective cloud, as 
approximately denoted by the =292 K contour (Fig. 41c).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41: WRF-D3 simulated (a) reflectivity (dBZ), (b) reflectivity (dBZ), w (m s
-1
), and 
cloud mixing ratio (g kg
-1
) fields on the vertical cross section along 35.1
o
N, and (c) w 
(positive-gray, negative-white)  (m s
-1
) and  (K) fields at 13:40 UTC April 16 2011. Thick  
line denotes the approximate cloud boundary in (b) and (c) and the cold pool is 
approximately represented by the curve of 292 K in (c).  The cloud boundary is denoted by 
thick solid lines in (b) and (c), which is approximately represented by the q = 0.05 g kg
-1
, 
where q is the sum of mixing ratios of cloud water, cloud ice, and graupel.  
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Ahead of the cold pool, updrafts were present which coincided with the base of the cloud. 
Downdrafts occurred behind the kink of the 292 K contour. In addition, a weak downdraft region 
of 1 cm s
-1
 was located near the 3 cm s
-1
 updraft.   
The WRF-D3 simulated radar reflectivity field at 14:30 UTC April 16 shows the northern 
end of the squall line has moved to about 35.7
o
N at this time (Fig. 42a).  The vertical cross 
section along 35.4
o
N at this time is shown in Fig. 43a.The reflectivity area of at least 40 dBZ was 
present near 81.2
o
W (Fig. 42b). This was the area where there was an uptick in updraft speeds 
from 3 m s
-1
 to 4 m s
-1
. An area of moderate reflectivity can be seen in 81.1
o
W, but is not 
associated with the simulated squall line. The cold pool, indicated by the =292K contour was 
under the region of updrafts (Fig. 42c). Downdrafts were still present behind the kink of the cold 
pool line and occurred near the base of the cloud.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 42:  Same as Fig. 41 except at 14:30 UTC April 16 and the cross sections in (b) and 
(c) are at 35.4
o
N. 
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 At 15:40 UTC April 16, the squall line has extended from the southern to northern 
boundary of the D3 domain (Fig. 43a).  A vertical cross section of reflectivity, vertical velocity 
and cloud-ice-graupel mixing ratio fields on the vertical cross section along 35.8
o
N. An area of at 
least 48 dBZ reflectivity can be seen near 80.6
o
W (Fig. 43b). A convective cloud with a 
maximum reflectivity of 30 dBZ or stronger was also present at around 80.5
o
W.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 43: WRF-D3 simulated (a) reflectivity (dBZ), (b) reflectivity (dBZ), w (m s
-1
), and 
cloud-ice-graupel mixing ratio (g kg
-1
) fields on the vertical cross section along 35.8
o
N, and 
(c) w (positive-gray, negative-white)  (m s
-1
) and  (K) fields at 15:40 UTC April 16 2011. 
Thick  line denotes the approximate cloud boundary in (b) and (c) and the cold pool is 
approximately represented by the curve of 292 K in (c).  The cloud boundary is denoted by 
thick solid lines in (b) and (c), which is approximately represented by the q = 0.05 g kg
-1
, 
where q is the sum of mixing ratios of cloud water, cloud ice, and graupel. 
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The maximum updraft increased to 5 m s
-1
 resulting in an increase in reflectivity along the 
simulated squall line. The cold pool was located along the =292 K line along the base of the 
thunderstorm cloud and ahead of the region of updraft (Fig. 43c). The downdraft was located 
behind the kink of the =292 K line.  
At 16:00 UTC April 16, the WRF-D3 simulated squall line moves slightly northeastward 
with the foremost eastern end of the bow echo extended to about 80.5
o
W (Fig. 44a).  The 
thunderstorm embedded in the squall line at 35.9
o
N began to intensify, as can be seen from the 
vertical cross section (Fig. 44a). In fact, the simulated storm top extended from about 780 mb at 
14:30 UTC (Fig. 44b) to about 600 mb at 16:00 UTC in a period of about 1.5 h.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 44: Same as Fig. 43 except at 16:00 UTC April 16 and the cross sections in (b) and 
(c) are at 35.9
o
N. 
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Reflectivities in the core of the storm also increased in a broader area of the convective cloud. 
The updraft increased to a maximum of 6 m s
-1
 or higher from 1.5 h ago. Downdrafts in the core 
of the storm also increased to 2 m s
-1
 ahead and behind the thunderstorm. The core of at least 2 m 
s
-1
 updrafts was farther away from the cold pool, denoted by the =292 K line, indicating that the 
gust front was forcing updraft ahead of it to generate new convection and contribute to the 
growth of the thunderstorm (Fig. 44c). Still, the updrafts were ahead of the kink of the =292 K 
line or cold pool.  Downdrafts can be seen behind the kink of the gust front or in the cold pool.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 45: WRF-D3 simulated (a) reflectivity (dBZ), (b) reflectivity (dBZ), w (m s
-1
), and 
cloud-ice-graupel mixing ratio (g kg
-1
) fields on the vertical cross section along 35.8
o
N, and 
(c) w (positive-gray, negative-white)  (m s
-1
) and  (K) fields at 16:40 UTC April 16 2011. 
Thick  line denotes the approximate cloud boundary in (b) and (c) and the cold pool is 
approximately represented by the curve of 292 K in (c).  The cloud boundary is denoted by 
thick solid lines in (b) and (c), which is approximately represented by the q = 0.05 g kg
-1
, 
where q is the sum of mixing ratios of cloud water, cloud ice, and graupel. 
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By 16:40 UTC, the squall line was able to maintain its bow-echo structure with the front 
end moved to about 80
o
W (Fig. 45a). The vertical cross section along 35.9
o
N shows the 
maximum updraft speeds dramatically increased to about 15 m s
-1
 (Figure 45b). The cloud top 
extended to about 300 mb level. Downdrafts were around 3 m s
-1
. High reflectivities extended 
from the surface to near the top of the storm around 80.1
o
W.  An area of light precipitation can 
be seen along 80
o
W, appeared to be produced by the shelf cloud (Houze et al. 1989; see Lin 2007 
for a review).  Downdraft of at least 2 m s
-1
 was present on the western side of the thunderstorm 
cloud. The cold pool line indicated by the =292 K line (Fig. 45c) was ahead of the updraft and 
the thunderstorm cloud.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46: Same as Fig. 45 except at 17 UTC April 16 and the cross sections in (b) and (c) 
are at 36.2
o
N.  At this time, the cold pool appears to be better represented by =293 line.  
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At 17:00 UTC April 16, the WRF-D3 simulated squall line approached north-central NC, 
extending from 34.8
o
N north-northeastward to the northern boundary of D3 domain (Fig. 46a).   
The reflectivities continue to increase along the vertical cross section of 36.2
o
N (Fig. 46b). The 
storm top grew to 200 mb, near the tropopause. A well-defined anvil occurred from 79.55
o
W to 
79.8
o
W. A weak shelf cloud occurred ahead (to the east) of the main updrafts. The magnitude of 
the updrafts was about 10 m s
-1
 (Fig. 46c).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 47: WRF-D3 simulated (a) reflectivity (dBZ), (b) reflectivity (dBZ), w (m s
-1
), and 
cloud-ice-graupel mixing ratio (g kg
-1
) fields on the vertical cross section along 36.25
o
N, and 
(c) w (positive-gray, negative-white)  (m s
-1
) and  (K) fields at 18:30 UTC April 16 2011. 
Thick  line denotes the approximate cloud boundary in (b) and (c) and the cold pool is 
approximately represented by the curve of 292 K in (c).  The cloud boundary is denoted by 
thick solid lines in (b) and (c), which is approximately represented by the q = 0.05 g kg
-1
, 
where q is the sum of mixing ratios of cloud water, cloud ice, and graupel. 
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At this time, the cold pool appeared to be better represented by the =293K line, which was 
located ahead of the main updraft and behind the thunderstorm cloud.  Immediately, behind the 
kink of the  =293 K line or cold pool kink, downdrafts were noted.  
By 18:30 UTC April 16, the squall line began to break apart into three segments from 
35
o
N to the northern boundary of the D3 domain (Fig. 47a). On the cross section along 36.25
o
N, 
the thunderstorm extended from 950 to 200 mb (Fig. 47b).  Also, a shelf cloud extended 
eastward well ahead of the squall line. The maximum updraft was higher than 20 m s
-1
 which 
coincided with the reflectivity of 55 dBZ or greater.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 48:  Same as Fig. 47 except at 19:00 UTC April 16.  The cross sections in (b) and (c) 
are at 36.25
o
N.  At this time, the cold pool is approximately represented by =293 line.  
Another area of strong reflectivity (30 dBZ or greater) occurred in the rear (west) part of the 
cloud between 79.2 and 79.3
o
W. Also, a shelf cloud extended well ahead of the squall line. The 
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cold pool, better represented by the =293 K line (Fig. 47c) had strong updrafts ahead of it, 
indicating that the air was forced upward strongly by the gust front. The downdrafts are 
substantially weak in comparison. The cloud to the west of the main updraft cloud was located in 
the region of the cold pool; hence no strong updrafts could occur.  
Half an hour later (19:00 UTC), the storm still maintained its intensity and integrity (Fig. 
48a). On the vertical cross section of 36.25
o
N, a tall thunderstorm cloud emanated near the 
surface but had an extended anvil from 78.55 to 78.9
o
W (Fig. 48b).  
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 49: Same as Fig. 48 except at 19:40 UTC April 16. The cross sections in (b) and (c) 
are at 36.25
o
N.  At this time, the cold pool is approximately represented by =293 line.  
 
The maximum updraft reached higher than 20 m s
-1
 around 400 mb in the core of the 
thunderstorm. An area of 56 dBZ or greater occurred near the strongest updraft and between 850 
mb and the surface. A weaker updraft can be seen along 78.95
o
W.  The main updraft of the storm 
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was located right above the gust front which was approximately represented by the =293 K line 
under the main convective cloud (Fig. 48c). The cloud beside the thunderstorm cloud occurred in 
the cold pool region indicating that the updrafts will not be developed. 
At 19:40 UTC April 16, the squall continued moving toward northeast with the northeast 
end located around 78.8
o
N (Fig. 49a).  On the vertical cross section of 36.25
o
N, the reflectivities 
increased further and the thunderstorm depth increased from the surface to 150 mb (Fig. 49b).  
An anvil, although not as profound in a typical mesoscale convective line type of storm (e.g., 
Houze et al. 1989; see Fig. 9.4 of Lin 2007) occurred between 78.2 and 78.6 W (Fig. 49b and 
49c). The region of updraft of 30 m s
-1
 was near the top of the thunderstorm. The convective 
cloud split into two, with a weaker region of updrafts of 10 ms
-1
 located ahead of the main 
updraft of the thunderstorm. Both strong updraft areas were associated with high reflectivities.  
Downdrafts approached 7 m s
-1 
ahead the main updraft of the storm. The cold pool or the =292 
K line (Fig. 49c) indicated that the main updraft of the storm occurred ahead of the cold pool.   
Throughout this simulation, where the squall line was maintained vertical cross sections 
indicated that part of the reason the storms were maintained and intensified was that cold pool 
occurred ahead of the updraft. In addition, downdrafts were fairly weak in comparison to 
stronger updrafts.   
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CHAPTER 6 
Concluding Remarks 
 The associated weather system that helped produced the mid April 2011 severe weather 
outbreak can be tracked days in advanced. Plenty of low level moisture, strong instability as well 
as low level shear were present, the entire duration of the system with the exception of Western  
NC. In addition it was atypical in a) the time of day these tornadoes occurred and b) the 
convective line evolved into discrete supercell thunderstorms that occurred that day.  A favorable 
synoptic and mesoscale environment for tornadic supercells were enhanced by a negative tilted 
trough, strong mid-level jet, exceptionally strong low-level shear, at least 40 knots or greater 0-6 
km shear, and modest instability but a lack of subtropical jet. Soundings i.e. GSO, Fayetteville, 
and Raleigh, NC hours before the actual tornado outbreak depicted long large looped hodographs 
indicating speed and directional shear. The squall line formation on the other hand, was 
established by strong large scale forcing and a strong cold front favoring a linear convective 
mode. This made the severe weather outbreak well predicted. 
RUC-Reanalysis matched well with observations. Hence, it was also used to perform 
further meteorological analysis of the overall synoptic and mesoscale environment, as a 
supplement to the synoptic observations. One of the main features in the RUC-Reanalysis is a 
band of intense precipitation coincides ahead of the 500 mb relative vorticity region. Another 
feature is that a linear concentration of low-level vertical velocities and high mid- and low-level 
relative humidity are associated with the band of heavier precipitation.   
 Although RUC Reanalysis matched with observations, it was not sufficient to do squall 
line analysis. The 13 km horizontal resolution is too coarse to resolve small scale convection. 
The WRF model was chosen given the wide use of meteorological application ranging from 
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meters to thousands of kilometers. The WRF–D3 horizontal resolution (WRF-D3) was used to 
resolve small-scale convection. Given how well RUC-Reanalysis matched with observations, it 
was used to initialize the WRF-model. The time to initialize the WRF model was selected early 
enough to give time for the model to spin up.  Four our particular case, the 06Z April 16 2011 
RUC-Reanalysis was selected since that time was about 9 hours before the squall line was 
observed.  
 Synoptic and mesoscale features in the WRF-D3 simulated result matched well with both 
the RUC-Reanalysis and observations in general. The WRF-D3 simulated reflectivity painted a 
complete different scenario from the RUC-Reanalysis composite reflectivity. A squall line was 
able to develop in the simulated model. Initially, WRF-D3 was aggressive with the reflectivities 
produced in comparison to observations. With time, the simulated squall line grew especially as 
it approached Guilford County, NC before breaking apart as the line exited central NC. This 
coincided with stronger conditional instability (ex. SBCAPEs at or above 1500 J/kg in Eastern 
NC) than observed aiding to an uptick in convection along the squall line. This was the exact 
evolution of the squall line that day. The WRF-D3 also indicated the lack of persistent strong 
convection ahead of the main simulated squall line. However, WRF-D3 initiated the squall line 
about 30-40 minutes in advanced from what was observed that day.  Our main intent though was 
to study the squall line evolution and not test the accuracy of the timing squall line with radar 
observations.  The dynamics of the simulated squall line had typical features leading to a long 
duration of the simulated squall line. Throughout the time where the WRF-D3 squall line was 
developed and intensifying, the cold pool remained ahead of the main updrafts of the storm. 
Downdrafts speeds were weak in comparison to the updrafts simulated. Some weak convection 
occurred ahead of the main storm but was not a detriment to the overall simulated squall line.  
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 A plethora of possible direction for future work can emanate from this case study. Further 
additional dynamic analysis could be done using WRF to better understand why the squall line 
broke apart to discrete storms. One possible reason to explore the break-up of squall line is that 
drying may occur to be change of elevation. Second, an idealized case or higher resolution than 
the WRF-D3 model simulation needs to be performed to resolve the supercells to better 
understand the dynamics that occurred on April 16. Verification of the dynamics of the simulated 
supercells and their type (i.e. high precip, low precip, classic) should be compare with other 
Raleigh, NC tornado events (e.g. Kulie et al. 1997) along with some dynamical analysis should 
be provided. 
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